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Few compounds feature ice-shaping properties. The only compound reported to have ice-
shaping properties similar to that of ice-shaping proteins, encountered in many organisms
living at low temperature, is Zirconium Acetate. When a Zirconium Acetate solution is
frozen, oriented and perfectly hexagonal ice crystals can be formed and their growth fol-
lows the temperature gradient. To shed light on the water/ice phase transition while freez-
ing Zirconium Acetate solution we carried out differential scanning calorimetry measure-
ments. From our results, we estimate how many water molecules do not freeze because
of their interaction with Zr cations. We estimate the colligative properties of the Zr con-
centration on the apparent critical temperature. We further show the phase transition is
unaffected by the nature of the base which is used to adjust the pH. Our results provide
thus new hints on the ice-shaping mechanism of Zirconium Acetate.
a)sylvain.deville@saint-gobain.com
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I. INTRODUCTION
Water molecules, albeit composed of 3 atoms only, show complex behaviors and anomalies.
Several theoretical models were proposed to describe its physico-chemical properties:1 each model
can suitably describe only certain characteristic. For example, the nucleation of ice in water is
difficult to predict. Indeed, the water/ice phase transition is a very common but still puzzling and
challenging phenomenon.
The nucleation of ice crystals occurs both in vapor and in liquid phases. Although it is dif-
ficult to maintain large volumes of water below 0◦C without nucleation, a small volume can be
hold in supercooled conditions.2 Pradzynski et al.3 found that at least 275±25 water molecules
are required to initiate the ice nucleation. The freezing of water in distinct physico-chemical con-
ditions results in different ice patterns, such as those of snow crystals, or the dendritic and cellular
structure grown in supercooled water.2,4
The nucleation of water can be hindered by many solutes: NaCl in sea water, for instance,
lowers the freezing point by ≈ −1.8◦C. Colloidal particles can also depress the freezing point
of water.5 Ice is pure water. At the liquid-solid phase transition, water expels most of the ions
and particles, which form brine channels between the ice crystals6 while releasing a latent heat
L = 333.6 kJ/kg.2 Nevertheless, some chaotropic ions are easily incorporated in ice.
Zirconium Acetate (ZrAc), a moderately water soluble crystalline Zr source, decomposes to
Zirconium Oxide on calcination at high temperature.7 The physico-chemical processes leading
to densification of liquid precursor solutions of ZrAc have been characterized by several meth-
ods.8–10 The behavior of ZrAc solutions at temperature below the water/ice phase-transition was
not investigated until ZrAc was used in ice-templating (also called freeze casting).11 Ice templat-
ing is a material processing route based on the growth of ice crystals in colloidal suspensions and
the successive removal of water by sublimation. The porosity is thus templated by the ice crystals.
The templated microstructures, architectures, and properties are related to the morphology of ice
crystals grown during freezing. In this process, ZrAc can be used either as additive or as ceramic
precursor.
The use of ZrAc as an additive revealed its surprising ice-shaping properties.12 When a ZrAc
solution, in a tight interval of pH (3.6-4.3) and concentration (≈ 9 to 22.6 g/L of Zr), is frozen,
faceted hexagonal ice crystals nucleate and grow along the direction of freezing. Such faceting
is similar to the effects of ice-shaping proteins (ISPs)13 that in fishes,13 insects,14 and plants15
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hinder, for example, the growth of large ice crystals and stabilize ice crystals in specific shapes.
ZrAc (and the less powerful Zr hydroacetate)12,16 is so far the only inorganic compound that
functions like ISPs. However, ISPs work at concentration of µmol or lower, whereas for ZrAc the
lowest reported concentration for effective ice shaping properties is ≈ 0.10 mol (9 g/L of Zr).12
The interactions of ISPs with ice are therefore probably much stronger than that of ZrAc.
To further understand the process that control the growth of ice crystals in ZrAc solutions,
we froze several ZrAc solutions, prepared in two different ways, and measured by Differential
Scanning Calorimetry (DSC) the liquid/solid phase transition. From our results, we assessed the
amount of ice in the sample and estimated the radius of interaction of Zr cations. We further show
that the phase transition is a colligative effect of the Zr concentration, independently of the base
used for pH correction.
II. SAMPLE PREPARATION
A solution of ZrAc (in-house preparation of Saint-Gobain17) with initial Zr concentration of
22.6 g/l (solution #1) and original pH = 2.6, was diluted in deionized water to obtain two other
solutions with equivalent starting Zr concentrations of 13.3 g/l (pH = 3.2, solution #3), 18 g/l
(pH = 3.1, solution #2): each was prepared in two batches. The pH of one of the batches was
then adjusted to pH = 4.0±0.1 by adding 25 mol/L NaOH solution and HCl solution at 37% wt
(Sigma Aldrich): solutions #X(NaOH). The pH of the latter batch was carefully set, without over-
shooting, to pH ≈ 4 with TMA-OH solution (tetramethylammonium hydroxide, Sigma Aldrich,
concentration of 10 wt.% in water): solutions #X(TMAOH). TMA-OH is a strong chaotrope hy-
TABLE I: Samples and estimated Zr concentration
Sample NaOH/HCl (g/L) TMA-OH (g/L) Before pH adj.
#1 ≈ 22.6 ≈ 16.7 22.6
#2 ≈ 17.7 ≈ 12.0 18
#3 ≈ 13.1 ≈ 11.2 13.3
drophylic molecule believed to weaken the hydrogen bonds network of water. It can entrap several
molecules of water by hydrogen bonds18,19 producing chlatrates.20 Both Na+ and Cl– are in the
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middle of the the Hofmeister Series21–23 whereas TMA-OH is the strongest chaotrope. The ac-
etate group is therefore more kosmotrope than Cl–.24 By probing two different sets of solutions, we
can also assess whether the chaotrope/kosmotrope natures of the two bases affect the liquid/solid
phase transition. The low initial concentration of the TMA-OH solution and the its high pKb=4.2
caused large shifts in the final Zr concentration after the pH adjustment. The final concentration
of the solutions adjusted with NaOH/HCl was left approximately unchanged, see Table I. For each
solution, we also prepared the corresponding reference solutions made up by a volume of water
equivalent to the initial volume of the three solutions and the same amount of bases needed to
adjust the pHs.
DSC measurements were carried out in N2 atmosphere. The temperature rate was set to
5◦C/min in the close cycle from +40 to -80◦C. We recorded two cycles per solution. The cho-
sen freezing rate corresponds to ice shaping conditions as observed by freeze casting. The data
analysis was performed with the Universal Analysis 2000 (TA Instruments) software.
III. RESULTS & DISCUSSION
The thermograms for the #X(NaOH) solutions are shown in Fig. 1. During the cooling semi-
cycle, the freezing (critical) point is apparently depressed to temperatures ≤−20 ◦C, because the
phase transition occurs in supercooled state, triggering an avalanche-alike dendritic formation of
ice crystals.4 The temperature increases during the phase transition for #3(NaOH). This artifact is
due to the instrumentation not able to fully withdraw the latent heat. Likewise, the double peak
for the #2(NaOH) is due to the unpredictable ice nucleation in supercooled conditions. Similar
experiments on the #X(TMAOH) solutions give the results shown in Fig. 2. Hereby we define the
apparent critical temperature Tc as the on-set temperature of the solid/liquid phase transition: these
values are reported in Tab. II and plotted in Fig. 3 with the relative results of reference solutions.
The results in Tab. II tell us that the apparent Tc is a colligative property of ZrAc concentra-
tion. For example, #2(NaOH) and #3(NaOH) share close concentrations with #1(TMAOH) and
#2(TMAOH) respectively, and their Tc are quite similar. When the pHs of the original solutions are
adjusted with NaOH/HCl, the large difference between the Tc of the samples and reference solu-
tions hints to how strong the interaction between the solute (ZrAc) and the surrounding water shell
is. ZrAc in water solution hydrolizes and self-assembles in tetrameric basic units,25,26 where the
Zr atoms are connected by hydroxo-bridges,27 whose stability was confirmed by computation.28
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FIG. 1: Full thermograms of #X(NaOH) solutions. Arrows indicate the direction of the cycle.
TABLE II: Apparent Tc of ZrAc and reference solutions. (The latter in parentheses.)
Sample Zr (g/L) NaOH/HCl (◦C) Zr (g/L) TMA-OH (◦C)
#1 22.6 -18.61 (-3.37) 16.7 -10.50 (-9.34)
#2 17.7 -11.45 (-3.58) 12.0 -8.91 (-5.62)
#3 13.1 -8.15 (-2.86) 11.2 -6.97 (-4.80)
In acidic conditions the reaction
tetramers −→ octamers29 −→ stacks30
occurs depending on the concentration, the pH, and the time. We believe the tetramers organize in
stacks with bound acetate groups, due to the strong interaction of Zr with carboxylic group.31 The
length of such stacks should be inversely proportional to the Zr concentration.30 Such structure
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FIG. 2: Like in Fig. 1, thermograms for the #X(TMAOH) solutions. Similarly to the #X(NaOH)
case, the apparent freezing temperatures correlate with the Zr concentration.
should resemble the one of ISPs from, for example, spruce budworm32 or from winter flounder.33
This large structures can interact with several water shells thanks to the ability of acetate groups
to alter the hydrogen bonds network in the neighborhood. We hypothesize that likewise ISPs, the
ZrAc stacks should adsorb onto the blooming ice crystals and causes their directional and faceted
growth.
The latent heat L released at the phase transition depends only on the amount of water that
participates to the phase transition. The ratio between the experimental and the tabulated value2
represents the amount of water that has taken part to the phase transition. These results, computed
on the heating semi-cycle, are in Tab. III and plotted in Fig. 4. Clearly the physico-chemical prop-
erties of the bases do not interfere with the phase transition. For example, the samples #2(NAOH)
and #1(TMAOH) contain similar amount of ZrAc (17.7 g/L versus 16.7 g/L) and the ice content
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FIG. 3: Tc of the solutions. Tc is a colligative property of Zr concentration. (The smoothed lines
are guide for the eyes.)
TABLE III: Amount (percent) of frozen water in each sample. In parentheses the values for the
reference solutions.
Sample Zr (g/L) NaOH/HCl (%) Zr (g/L) TMA-OH (%)
#1 22.6 19 (71) 16.7 35 (53)
#2 17.7 31 (74) 12.0 39 (62)
#3 13.1 40 (77) 11.2 51 (66)
is similar. Thus, we may conclude the thermodynamic of the process is due exclusively to ZrAc,
strengthening the hypothesis that the ice-shaping properties of ZrAc are colligative. If we approx-
imate the solutions as composed by water and ZrAc, we can estimate, from the amount of ice, how
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FIG. 4: Ice contents in the solutions. (The smoothed lines are guides for the eyes.)
many molecules of water do not participate to the phase transition due to their interaction with
the Zr cations. This approach is eased in the case of #X(NaOH) solutions, where the NaOH/HCl
content is minimal. Thus, for the solution #1(NaOH), we estimate that 180 water molecules per
Zr cation (or 720 per Zr tetramer) do not contribute to the phase transition. We can represent it as
a sphere of radius r ≈ 1.74 nm (r ≈ 2.8 nm for the tetramer) (see Tab. IV). To give an idea of how
large the sphere of interaction for Zr cations is, the Zr-Zr interdistance is≈ 0.32 nm. For example,
the hydrophylic TMA-OH binds 25 water molecules by hydrogen bond.18,34 The percent of frozen
water in Table III represents, to a first approximation, the volume of ice. Since the ice turns into
porosity in the final material, this volume is thus an indirect measurement of the overall porosity
in ice-templated materials. While measuring the reference solutions we noted a secondary peak at
lower temperature occurring for the solution loaded exclusively with TMA-OH, Fig. 5. We believe
this extra phase transition could result from the formation of TMA-OH clathrates.20
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Sample H2O (mol) radius (nm) Zr ρ f (g/L)
#1(NAOH) 180 1.74 27.9
#2(NAOH) 198 1.80 25.7
#3(NAOH) 232 1.89 21.8
TABLE IV: Water molecules per Zr cation; Radii of interaction per Zr cation; Zr concentration
after phase transition in water.
-80 -60 -40 -20 0 20 40
-4
-3
-2
-1
0
H
ea
t F
lo
w
 (W
/g
)
Temperature (°C)
 Ref #1 TMAOH
 Ref #1 NaOH
FIG. 5: DSC thermogram of the solid/liquid phase transitions for two reference solutions. Note
the double melting peak for the solution loaded with TMA-OH.
IV. CONCLUSIONS
The freezing point Tc of the liquid/solid phase transition of water depends on the ionic content.
We have shown that Tc is a colligative properties of the ionic content of ZrAc, probably the only
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inorganic compound able to mimic the effects of ISPs. Further, the amount of ice depends on the
concentration of Zr in solution, independently on how the pH of the solutions is stabilized. The
chaotrope hydrophylic TMA-OH has a very strong influence on the freezing process. The clathrate
organization of TMA-OH is destroyed by the present of ZrAc. We have estimated the sphere of
interaction of the Zr cations on water molecules. The Zr cations display a radius of interaction of
few nm, that comprises hundreds of water molecules. These results give an hint on the chaotropic
and hydrophylic strength of Zr either tetramers or stacks, which should populate the solutions.
In the 3 cases investigated here, the number of water molecules that do not nucleate is different.
This reinforces the hypothesis the the length of Zr tetramers stack is inversely proportional to the
concentration. The final concentration of Zr in the remnant liquid water should, thus, not be the
same. Nevertheless, we can not exclude further effects due to the pH of the studied solutions.
We think spectroscopic and microscopic measurements could be used to better understand the
ice-shaping mechanism of ZrAc.
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